Recombinant protein production in heterologous hosts often seems a simpler and more effective way than its production by natural producer. The secretion of recombinant protein in Escherichia coli has many advantages comparing to than in insect or mammalian cells. The important factor for high-level recombinant protein production is the sufficient amount of E. coli biomass. Therefore, the aim of this study was to optimize the composition of propagation medium resulting in the maximum biomass yield of recombinant E. coli as the part of fermentation strategy for neuraminidase (NA) production. Three independent variables including glucose, asparagine and phosphate concentrations, and four dependent variables, such as biomass yield, residual concentrations of glucose or asparagine and pH of the propagation medium after fermentation, were chosen to the optimization by Response Surface Methodology (RSM). The optimal conditions for the maximum biomass yield expressed as dry cell weight (DCW) (16.57±0.55 g DCW.L -1 ) were as follows: glucose concentration of 39.37 mM, asparagine concentration of 62.68 mM and phosphate concentration of 14.80 mM. For this model, the predicted values for the responses are close to the experimental values. The yield of desired pET15b-neu plasmid from E. coli cells cultivated in optimized propagation medium was almost 23 % higher than in commonly used Luria-Bertani (LB) medium suggesting that asparagine may be involved in the induction of plasmid amplification.
Introduction
The recombinant production of desired protein can facilitate product isolation and impact its quality and activity (Horga et al. 2018) . The choice of suitable host affects the whole process. Among microorganisms, bacteria have been widely used as the hosts for high-level expression of protein (Nikerel et al. 2006) . The use of gram-negative bacterial host Escherichia coli has several advantages, namely the simplicity of system, fast growth linked to high cell density and cost-effective cultivation to produce recombinant protein at a relative high level (Fakruddin et al. 2012; Rosano and Ceccarelli 2014) . Usually, the production of recombinant protein by E. coli host cells is two-step process. In the first step, the cells are cultivated in a simple, defined medium with a carbon source that suppresses gene expression and results in the accumulation of biomass (Potvin et al. 2012; Celik et al. 2012) . The induction of recombinant protein synthesis is initiated by the addition of an inducer of promoter after the depletion of carbon source in the second step of production strategy. The biomass yield can be affected by the composition of production medium leading to high-level production of heterologous protein (Sekar et al. 2018) . Thus, the yield of recombinant protein may be proportional to the final biomass production. The optimization of the propagation medium composition by the Response Surface Methodology (RSM) is the suitable tool to increase the amount of host biomass (Nikerel et al. 2006; Ghosalkar et al. 2008) . The sufficient biomass yield is the part of fermentation strategy for the production of neuraminidase (NA) in E. coli host cells harbouring plasmid pET15b with gene for influenza virus NA (pET15b-neu). NA as a surface glycoprotein of influenza virus has an essential role in the infectious cycle of the virus (Doyle et al. 2013) . Screening of new NA inhibitors requires enzymatically active NA which can be obtained by synthesis using recombinantly modified organisms such as E. coli (Nallaiyan et al. 2010) . Inhibition of this enzyme through drug additives is a perspective way to cure of diseases caused by influenza virus (Doyle et al. 2013; Udommaneethanakit et al. 2014; Hadzázi et al. 2018) . The aim of this study was to optimize the composition of propagation medium by RSM to improve E. coli biomass yield leading to highlevel production of recombinant NA as the perspective tool for design of novel antiviral compounds.
Experimental

Bacterial strain, media and culture conditions
Bacteria of Escherichia coli strain BL21 (DE3)pLys (F -ompT hsdSB (rB -, mB -) gal dcm (DE3) pLysS(Cam R )) were obtained from Agilent Technologies (USA). The gene coding for NA was developed through the design using the sequence deposited in GenBank (accession No. KM244086.1) and synthesized (ATG Biosynthetic, Germany). Propagation medium was inoculated with E. coli cell suspension at 2.0 McFarland turbidity in the ratio of 50:1 (v/v) and incubated for 24 hours at 120 rpm. E. coli cell suspension was prepared from cells growing in LB (Luria-Bertani) medium (10 g.L -1 tryptone, 5 g.L -1 yeast extract, 10 g.L -1 NaCl and 50 mg.L -1 ampicillin) at 140 rpm and 37 °C overnight. Bacteria were transformed with the pET15b plasmid harbouring gene for influenza virus NA by the standard protocol. Basal propagation medium for the cultivation of recombinant E. coli consisted of 4 mM glucose, 9 mM (NH4)2SO4, 10 mM NaH2PO4, 10 mM Na2HPO4, 2.5 mM MgSO4.7H2O, 34 mM NaCl and the trace element solution (5 mL.L -1 ). The latter was composed of FeSO4·7H2O, CoSO4·7H2O, ZnCl2, CuSO4, Na2MoO4·2H2O, H3BO3, NiCl2, MnSO4 and Al2(SO4)3 at the concentration of 1 g.L -1 of each compound, as recommended by Sartorius (Sartorius AG, Germany) The pH of propagation media was adjusted to pH 7.1 with 1 M NaOH and carbon source was sterilized separately. In preliminary experiments, the type of carbon (glucose, fructose or lactose) and nitrogen sources (ammonium sulfate or asparagine) in the concentration of 100 mM were tested. The effect of different concentrations of carbon and nitrogen sources (glucose and asparagine, respectively) in the range of 0 -100 mM and phosphate concentration in the range of 0 -64 mM on biomass yields were determined. 
Experimental design
The RSM was used to investigate the effect of glucose, asparagine and phosphate concentrations on the biomass yield expressed as dry cell weight (DCW), residual glucose and asparagine concentrations and final pH of propagation medium (dependent variables). The variables were tested on five level codes (-1.682, -1, 0, 1, 1.682) and are listed in Table 1 . The analysis of measured data was statistically evaluated by regression method according to Eq. 1:
where Xi are independent variables causing the Y response and bi are regression coefficients describing dependences between measured properties and coded values of observed factors. After 8 h of cultivation, samples were centrifuged at 10,000 rpm for 5 min. In the supernatant, the final pH was determined, and residual carbon and nitrogen concentrations were analysed by DNS (3,5-dinitrosalicylic acid) method (Miller 1959) and ninhydrin reaction (Kendall 1963) , respectively. The sediment was washed, centrifuged and dried at 60 °C to the constant weight. Biomass yield was expressed as DCW per liter of medium.
Extraction of plasmid DNA
Plasmid DNA (pDNA) was extracted using the GeneJET Plasmid Miniprep kit (ThermoFisher Scientific, USA) from E. coli biomass produced at 37 °C in optimized propagation and LB media. After extraction, the concentration of pDNA were measured by UV-Vis spectrophotometer (V-1600PC, VWR, Germany) and the result was calculated according to the Eq. 2.
Statistical analysis
All experiments carried out in three parallels. Data are present as the average with the standard deviation. For the evaluation of regression equations in the optimization by RSM, Statgraphics Plus 5.1 (Statpoint Technologies, Inc. USA) was used.
Results and Discussion
Selection of independent variables for optimization
In the literature, statistical experimental design has been used to optimize the production of various types of recombinant proteins (Farliahati et al. 2010; Larentis et al. 2012; Sekar et al. 2018) . In this work, RSM was used to increase biomass yields of recombinant E. coli harbouring plasmid pET15b with gene for influenza virus NA. Key factors found to affect E. coli biomass yields were carbon and nitrogen sources (Farliahati et al. 2010; Sekar et al. 2018 ) and based to our preliminary studies (data not shown) also the phosphate source. Therefore, the effect of these three factors on final biomass yield were evaluated ( Fig. 1) . 
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The best carbon source for E. coli biomass production was glucose (11.81±0.03 g DCW.L -1 ). Glucose has been widely described as the appropriate substrate for the cultivation of E. coli (Wang et al. 2015; Jing et al. 2018; Lee et al. 2018) however, as is shown Fig. 1 , recombinant E. coli was able to utilize effectively also pentose (fructose) and disaccharide (lactose); both of these carbon sources resulted in similar production of biomass (11.16±0.01 and 10.97±0.00 g DCW.L -1 , respectively). E. coli cells entered the stationary phase of growth after 12 hours of cultivation in propagation media with glucose and fructose ( Fig. 1 A, B) , presumably due to decreased pH in these media (Fig. 1D) . The consumption of carbon sources can lead to the production of organic acids, predominantly acetic acid, up to a concentration in the range of 50 -100 mM. These concentrations are usually considered to cause the inhibition of growth (Pinhal et al. 2019 ) and low level of protein expression (Wang et al. 2016) . The final pH values of media with different carbon sources were comparable (~4.8). Therefore, glucose was selected as the main carbon source for followup experiments. The concentration of selected carbon source is another parameter affecting biomass production. Therefore, the effect of glucose concentration in the range of 0 -100 mM to biomass production was evaluated. Glucose depletion was monitored after 8 hours (Fig. 2) , as increased organic acid production inhibits bacterial growth ( Fig. 1) . It was observed that 20 -40 mM of glucose stimulated bacterial growth ( Fig. 2A) . Farliahati et al. (2010) found that the combination of both glucose (80 mM) and inorganic nitrogen source is the best choice for E. coli biomass production. Although, Larentis et al. (2012) suggested that the 
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lower concentration of glucose (40 mM) in medium is beneficial to E. coli biomass production and glucose was almost depleted in the medium. Maximum glucose depletion in the propagation medium plays a crucial role in the subsequent production of recombinant NA, since high glucose concentrations cause the suppression of corresponding gene expression (Potvin et al. 2012; Celik et al. 2012) . Glucose concentration range of 20 to 40 mM, representing the most suitable conditions for biomass production, was associated with significant reduction of glucose levels in the propagation medium (Fig. 2B) . The choice of nitrogen source and its concentration are among the other factors influencing biomass yield. The appropriateness of nitrogen source, namely ammonium sulphate and asparagine, was tested ( Fig. 3 ). Our results are in the contrasts to previous studies (Chubukov et al. 2014; Wang et al. 2016) in which ammonium belongs to the preferred nitrogen source for E. coli. The higher E. coli biomass yield was observed in propagation medium with asparagine as nitrogen source (13.43±0.02 g DCW.L -1 ; Fig. 3B ) than in medium with ammonium ions in the form of ammonium sulphate (11.81±0.01 g DCW.L -1 ; Fig. 3A ). Bren et al. (2016) found that amino acid as the nitrogen source in a medium supported the growth of E. coli. Therefore, the amino acid asparagine was selected as nitrogen source for further experiments and the effect of its different concentration in propagation media was tested (Fig. 4) . The asparagine concentration range of 40 -60 mM stimulated bacterial growth, but this effect was absent at higher concentrations (Fig. 4A ). Almost complete depletion of the nitrogen source in propagation media containing asparagine 
A B in the concentration range of 10 -40 mM was observed (Fig. 4B) . One way to eliminate the problem of undesirable organic acid production is to modify the ionic strength of the buffer. In this study, PBS (phosphatebuffered saline) was used as the source of phosphate and the buffer (Fig. 5) . Our results indicate that pH values of propagation media were maintained at phosphate concentrations of 32 and 64 mM (Fig. 5B ). With the decrease in salt concentration in the solution, the pH value decreases. However, it should be noted that the phosphate concentration positively influenced the biomass yield in the range of 4 to 16 mM (Fig. 5A) . The low biomass yields were observed in propagation media with increasing the phosphate concentrations. Scheidle et al. (2011) obtained similar results. The high concentration of phosphates increases the osmolality values and significantly reduces the growth rate of E. coli cells.
Therefore, the suitable phosphate concentration is in the range of 4 -16 mM for both evaluated variables (Fig. 5) .
Optimization of propagation medium
Based on preliminary experiments, we have chosen the factors affecting biomass yield and optimization using RSM to find the optimal conditions for maximum E. coli biomass yields ( Table 2) . The calculated coefficient of determination (R 2 ) for biomass yields was 0.97 thus the model could explain 97 % of the total variations in the experimental data. Biomass yields varied in the range of 8.65 -16.61 g DCW.L -1 ( Table 2) . The residual glucose and asparagine concentrations and the final pH of the propagation medium were selected as additional dependent variables. Recombinant protein production in E. coli host is a two-step process; in the second step the minimization of glucose concentration is needed prior to the induction of T7 promoter in the recombinant (pET15b) plasmid. In the experiments at center point of independent variables, glucose was almost completely consumed, with residual glucose concentrations of 6.65 -7.25 mM. The coefficient of determination for residual glucose concentration as dependent variable was 0.99. The residual concentration of asparagine varied in the range of 5.93 -44.59 mM with R 2 value of 0.98. The final pH of propagation media varied in the range of 4.60 -5.47 with R 2 of 0.88. The final pH proportionally decreased by E. coli growth and was associated with glucose and phosphate concentrations (data not shown). For better understanding of interactions between selected variables, the 3D surface plots are shown in Fig. 6 . The third variable, phosphate concentration, was set as the constant (14 mM; Fig. 6) . Table 3 summarizes the regression coefficients and analysis of variances for biomass Table 3 . Results of variance analysis and regression coefficients of the predicted second order polynomial models of biomass and residual concentration of glucose and asparagine.
Effect
Factor a Biomass Residual glucose concentration yields, glucose and asparagine concentrations and final pH of propagation medium. For biomass yields, asparagine and phosphate concentrations had the significant positive linear influence (p < 0.05) ( Table 3 ). The increase of asparagine concentration from 60 to 80 mM caused the decrease of biomass yield (Fig. 6A ). All tested independent variables had negative quadratic effect to biomass yields (p < 0.05) and positive quadratic effect to residual glucose and asparagine concentrations (p < 0.05).
Residual asparagine concentration pH
Glucose concentration had negative linear effect to residual glucose concentration in propagation media after the E. coli cultivation (p < 0.05) ( Table 3 ). The increase of glucose concentration resulted in higher residual glucose concentration (Fig. 6 B) . The higher residual glucose concentration can be a problem to produce recombinant protein due to the suppression of T7 promoter. Not surprisingly, asparagine concentration had a negative linear effect (p < 0.05) on the residual concentration of asparagine (Table 3) , similarly as observed for glucose ( Fig. 6C) .
For final pH of propagation medium, phosphate concentration had negative linear (p < 0.05) and positive quadratic effects (p < 0.05) (Table 3) .
Higher phosphate concentration allows to maintain the stable pH value in propagation medium (Fig. 6D) . Moreover, as shown Fig. 6D , the final pH f propagation medium affects glucose concentration, and that is in good agreement with results of Kleman and Strohl (1994) . The final pH of propagation medium was higher at lower glucose concentration (Fig. 6D ).
Verification of model
According to RSM model, the highest yield of E. coli biomass can be reached in the propagation medium with glucose concentration of 39.37 mM, asparagine concentration of 62.68 mM and phosphate concentration of 14.80 mM. Optimal conditions for biomass yield were confirmed experimentally (Table 4 ). There was no significant difference between predicted and experimental values of all tested dependent variables (p < 0.05), suggesting this mathematical model can be exploited for maximum E. coli biomass yield in the first step of fermentation strategy. Moreover, biomass yield obtained in our modified optimized propagation medium was nearly 16 and 40 % higher than in complex media used as a standard culture media for E. coli cells, namely Terrific broth (TB) and LB, respectively. Compared to defined media such as M9 and Riesenberg minimal medium (Kangwa et al. 2015) , we achieved more than 50 % higher biomass yield using our optimized medium. It is commonly observed that the higher yield of biomass in batch cultivation is associated with lower amplification rate of pDNA compared to LB medium (O´Kennedy et al. 2003) . Therefore, the yield of pET15b-neu obtained from cells cultivated in optimized medium was compared to pET15b-neu obtained from cells cultivated in LB medium. The yield of pET15b-neu from cells cultivated in optimized propagation medium (1.40±0.16 µg.g -1 ) was 22.86 % higher as from cells obtained from the cultivation in LB medium (1.08±0.14 µg.g -1 ). Wood et al. (2017) suggested that high concentration of yeast extract in LB medium has impact on higher pDNA yield. In the case of optimized propagation medium used in this study, the asparagine amino acid may be involved in the induction of plasmid amplification as it was observed for amino acids such as leucine, glycine and histidine (Dorward et al. 2019 ).
Conclusions
The results of the present study confirm that the key factors for the propagation of Escherichia coli BL21 (DE3)pLys are the concentration of glucose as carbon source, concentration of asparagine as nitrogen source and concentration of phosphates. The RMS model was able effectively to describe the experimental data. The optimal concentration of selected factors such as glucose, asparagine and phosphate concentrations are 39.37, 62.68 and 14.80 mM, respectively. The predicted and experimental values further showed the adequacy of this model. At the optimal conditions, the yield of E. coli biomass was 16 and 40 % higher than in TB and LB, respectively. These results suggested that optimized propagation medium for E. coli biomass production can be the suitable tool for effective recombinant protein production at relative high level. Moreover, arginine in propagation medium was probably involved in the induction of plasmid amplification. 
